The Phebus FPT1 test at IRSN, selected to be ISP-46, has been analyzed by the IMPACT / SAMPSON code, a detailed severe accidents (SAs) analysis code for an LWR. The results for the Bundle phase, involving an examination of bundle degradation and fission products release during SA conditions, were reported. Conclusions obtained from the analyses are as follows: (1) Temperature changes of fuel, cladding, and control rod were well predicted until about 12,000 s when almost all thermocouples measuring them failed. (2) Accumulated hydrogen generation due to Zr / steam reaction differed only about 3% from the test result. (3) Overall, good agreement was obtained for the fuel relocation and an accumulation of debris just below original spacer position was well predicted in the analysis. (4) Analysis of enhanced diffusion due to degraded fuel by Lewis et al.'s method enabled simulation of release behaviors of Xe, Cs, I, and Te within the uncertainties in the test when the surface to volume ratio was changed in the evaluation of the UO 2 oxidation. (5) Diffusion analysis through single-crystal grain could trace the release behavior of Mo, Sb, Tc, Ru, and Ba observed in the Phebus FPT1 test after optimizing their diffusion coefficients with the surface to volume ratio determined above.
I. Introduction
More than ten years have passed since the first results were issued for a probabilistic risk analysis (PRA) for severe accidents (SAs) in a light water reactor (LWR) 1) . The report elucidated the safety of an LWR against hypothetical SAs, taking full advantage of a PRA method. A PRA is a powerful tool for evaluating quantitatively influences of SAs where different accident evolutions and a variety of phenomena can be postulated to appear. Further, the lack at that time of a mechanistic analysis tool covering a diversity of SAs was one of the reasons for the adoption of a PRA in the report. A deterministic accident progression analysis is, however, necessary even for a PRA to determine branching probabilities in the event tree. Uncertainties observed in the accident progression analysis at that moment motivated subsequent extensive programs to investigate in-vessel and ex-vessel phenomena experimentally and to develop detailed SA analysis codes as well as fast integral analysis ones in various parts of the world. Subsequent activities in this field advanced understanding of SAs in an LWR step by step and now it may be time to fully utilize the accumulated experiences and knowledge in a reevaluation of the safety of an LWR against SAs by PRA or by fully deterministic analysis if possible. The latter is expected to clarify the safety margin of equipments or systems in LWR against SAs.
The circumstances described above constitute the background to the initiation of the international standard problem (ISP) No.46 for the Phebus FPT1 test by the Organization for Economic Co-operation and Development / Nuclear Energy Agency (OECD/ NEA) in 2001 2) . The Phebus test is an integral experiment to investigate a degradation of fissile fuel bundle, subsequent fission products (FPs) release, and their transport through circuits and containment. The tests are undertaken by French Nuclear Protection and Safety Institute using facilities of Commissariat a l'Energie Atomique (CEA) at Cadarache in France. The second test, namely Phebus FPT1, has been selected as the basis for ISP-46 3) . Thirty-two institutes / companies from twenty-two countries / international organizations are participating in ISP-46 and at least fifteen different codes are used in the analysis, including the IMPACT / SAMPSON code, a detailed SA analysis code developed by Nuclear Power Engineering Corporation (NUPEC) in Japan. The analysis of the Phebus FPT1 test in ISP-46 is divided into four phases, i.e., Bundle, Circuit, Containment, and Chemistry. Although all phases were analyzed by the IMPACT / SAMPSON code and its analysis precision was demonstrated, this paper focuses on the results of Bundle phase, that is, the core degradation and FP release from fuels.
Modules of the IMPACT / SAMPSON code have already been validated respectively against major separate effect tests in the world. The former ISP-45, QUENCH ISP, clarified a capability of the code to simulate quench phenomena and hydrogen generation due to Zr / water reaction in the bundle geometry 4) . The state of the art of SA analysis codes might be fairly illustrated by the results from the blind phase analysis of ISP-45 5) . Although an embrittlement failure of cladding was also predicted correctly in the IMPACT / SAMPSON analysis, subsequent relocation of degraded fuels was not discussed due to a lack of measurement results. The present Phebus ISP not only provides such relocation data but also enables a validation of FP release analysis from degraded fuels. The FP release analysis reports on enhanced release from oxidized UO 2 pellet of rare gases and highly volatile FPs that are major species in the source term evaluation [6] [7] [8] [9] [10] . The Cs release, for instance, was thoroughly studied by Lewis et al., and their model appeared to be validated against principal FP release tests in the world. The IMPACT / SAMPSON code adopted it and applied it to the Phebus ISP analysis. The purpose of this paper is to present the results of Phebus ISP analysis by the IMPACT / SAMPSON code for the Bundle phase.
II. Overview of Phebus FPT1 Test

3)
The Phebus test section is located in a loop crossing a central part of the Phebus driver core that supplies the nuclear power into the fuel rods as shown in Fig.1 . A transition zone above the top of fuel and a vertical pipe are other components in the test train. A pipe network comprises downstream the first horizontal line, a vertical steam generator U tube, and the second horizontal line. The vertical pipe above the transition zone and the first horizontal line simulate a hot leg of PWR. A cold leg is the second horizontal line connected to an inlet of a containment vessel. The containment vessel is volumetrically scaled down, 10 m 3 with the core mass ratio between a 900 MWe PWR and the Phebus test bundle, i.e., 5,000:1.
The length of fuel rod in the test section is 1.1355 m with a 1 m long fissile zone as shown in Fig.2 . The fuel rods are bundled by two Zircaloy spacers at elevations of 0.24 and 0.76 m. As shown in Fig.3 , the center rod is an absorber rod of Ag-In-Cd. Eighteen irradiated fuels and two fresh fuels are arranged in a 5 x 5 square lattice. The test bundle is surrounded with insulating ThO 2 and ZrO 2 sleeves, and an Inconel pressure tube. These three annular structures are separated by two gaps that exist under cold condition. The outer pressure tube is cooled by water at a temperature of 438 K.
Temperatures of fuel centerline, cladding, control rod (C/R), shroud, and coolant are measured by thermocouples. W-Re thermocouples of 2.1 mm d or Cr-Al ones of 1 mm d were used in the Phebus FPT1 test. Two ultrasonic thermometers enable the temperature measurement after failure of thermocouples on the fuels. Coolant flow rates, hydrogen production, and FPs are also measured in the circuit such as by on-line aerosol monitors. Fission chambers located around the bundle not only measure the power of the driver core but also detect significant core material relocation. Post-test examinations, namely, gamma-scanning of some FPs and activation products of the bundle structures, enable a mean axial profile of fuel and C/R mixture's relocation to be measured. Further, a large set of tomography is performed, yielding a rapid and precise overview of the bundle degradation.
The test bundle of 18 PWR fuel rods ( 6.85% initial enrichment in 235U) irradiated previously to a mean burn-up of 23.4 GWd / tU and 2 instrumented fresh fuel rods ( 3.5% enrichment in 235 U) were pre-irradiated for 7days with a mean bundle power of 205 kW to generate short-lived fission products. The FPT1 test started 36 hours after this pre-irradiation which was necessary to bring down the xenon poisoning. As shown in Fig.4 the inlet steam mass flow rate at 2,000 s and the step increase in the power examined a coupling factor between the driver core and the test bundle. The second period lasting from 7,900 to 17,000 s was a temperature transient and degradation phase. The bundle power increased from 3.9 to 36.5 kW while the inlet steam mass flow was kept constant, 2.2 g / s after an initial increase from 0.5 g / s and decreased to 1.5 g / s at the end. An increase in the bundle power first initiates Zr / steam reaction on the Zircaloy cladding, producing hydrogen gas. The first fuel relocation was estimated to take place at about 11,000 s, but an amount of relocated mass was small and substantial relocation was postponed to a later stage. The degradation phase was terminated by shutdown of the nuclear power at 17,039 s.
III. Analysis Method
The IMPACT / SAMPSON code consist of twelve modules. The Phebus FPT1 test was analyzed with seven modules, that is, the Fuel Rod Heat up Analysis module (FRHA), the Molten Core Relocation Analysis module (MCRA), the FP Release Analysis from fuel (FPRA), the FP behavior in reactor coolant system and in containment, the containment thermal hydraulics analysis module, and the Analysis Control Module (ACM). Analysis results reported in this paper are obtained by FRHA, MCRA, FPRA, and ACM. Modules except for FPRA have already been validated against ISP-45 for QUENCH06 test at FZK in Germany and reported 4) . Here, their outlines are given in the following to complete a description of the analysis method.
The FRHA simulates the behavior of fuel rod as well as C/R during core heat-up phase, such as oxidation of cladding, melting / dissolution, cladding deformation, and cladding failure. The cylindrical 2-D (RZ) heat conduction equations are solved by a finite difference scheme over the regions of fuel pellet, gap, and cladding. The elastic and plastic deformations of cladding due to the thermal expansion and / or the gap gas pressure are analyzed by the stress-strain equation and are solved by a finite element method. The Zircaloy oxidation and the hydrogen generation are calculated using parabolic rate constants. When the cladding or pellet melts after the failure of cladding, the relocation of molten materials starts and is analyzed by the MCRA. Heat transfer coefficients between cladding and coolant are evaluated based on flow conditions obtained in the MCRA analysis and the same logic chart as the RELAP5 MOD3.2 11) . The MCRA analyzes coolant flows and molten material relocations in the reactor or test vessel. Assuming an axial symmetry, the test section is converted into an equivalent cylindrical analysis domain conserving coolant flow area. Conservation equations are solved on R-Z two-dimensional plane. Asymmetric internals such as fuel rods are modeled in the terms of the conservation equations that evaluate heat transfer from them to coolant and their friction losses. The module formulates a multi-phase, multi-component, and multi-velocity field model and its basic equations are differential ones of mass, momentum, and energy conservations. As shown in Table 1 , five liquids and four of their droplets or solidified particles without water, three structure components, and steam plus five incondensable gases are considered as the components in the module. 
Nine mass conservation equations are considered for five liquids and four particle components, and six mass conservations for gas components as shown in 
M: Mass Conservation, E: Energy Conservation, MM: Momentum Conservation
The phase changes, that is, vaporization / condensation and melting / freezing are given in a form of energy balance assuming appropriate phase change paths. The eutectic point of cladding with UO 2 and C/R materials was 2473 K in the Phebus FPT1 analysis and a relocation of molten clad with dissolved UO 2 started when the temperature of cladding reached the eutectic point. Molten debris discharged from fuel rod was assumed to be spherical particles of φ10 mm. Discharged particles would scatter or fall down or coalesce in the case of liquid droplet according to the momentum analysis above. Further, their accumulation on such as spacer regions was evaluated by a friction factor of flow. Fission products in the fuel starts to discharge when the thickness of beta phase zirconium becomes zero, i.e., cladding loses its strength even before the melting of cladding. The FPRA initiates its analysis from the start and released FPs accumulate in pellet to clad gap. The FPRA adopts an equivalent-sphere model of diffusional release in which gas atoms diffuse through the lattice and escape from its surfaces that communicate directly with the surroundings 12) . A polycrystalline sinter of UO 2 pellet is treated as a collection of spheres of uniform size characterized by a single equivalent radius. The dependence of release characteristics on the UO 2 temperature is modeled via an Arrhenius-type diffusion coefficient. In the FPRA, the sphere is replaced by a cylinder, and its height and diameter in the Phebus analysis were 12 micro m. A vaporization model is also adopted in the FPRA to evaluate releases of UO 2 and other structural and C/R materials. Table 3 summarizes the FP elements evaluated in the Phebus FPT1 analysis. A previous study 10) reported that the release rates of rare gases and highly volatile FPs are determined by a diffusion process through the crystal grain to the porosities in the fuel. Semi-volatile FPs are also released at approximately the same rate as the highly volatile ones, but evaporation and mass transfer through the porosities to outer surface of a fuel pellet also control their release rates. Low volatile FPs do not diffuse significantly and, for instance, ELSA 2.0 code adopts a model in which the volatilization of UO 2 governs their releases 10) . In the test results of Phebus FPT1, however, the fractional release rate of low-volatility Tc exceeds that of UO 2 . In the present analysis by the FPRA, all FPs in Table 3 were analyzed with the diffusion analysis model. Lewis et al.'s method was adopted to evaluate an enhancement of diffusion coefficient due to the degradation of fuel 6, 15) . Numerical analysis of the diffusion equation in the grain is performed over all divided cells of UO 2 pellet and the cell division is undertaken in the same manner as that of the FRHA. Diffusion coefficients change with the temperature of UO 2 pellet in the cell that is evaluated by the FRHA. Initial gap release between pellets and cladding is assumed to be 0 from the test result while a default in FPRA is 0.05 in a fractional release rate for rare gases and highly volatile FPs 13) . Four processors of 1.5 GFLOPS each have been used in the present analysis where four modules are allocated to each processor. The data communication time between processors, that is, system time step is 1 s. The module time step in the FRHA is fixed to be 10 ms and that in the FPRA is the same as the system time step. The MCRA analyzes with a time step basically determined by the Courant law. Three modules exchange the calculation results at the end of system time step, 1 s, as a boundary condition of the next system time step and each module repeats its calculation with its own module time step during each system time step. The computation time of the Phebus FPT 1 analysis over 18,600 s by the IMPACT / SAMPSON code was about 7.8 days using four processors, that is, about 36 times longer than real time. Figures 2 and 3 show the axial and radial cell divisions in the IMPACT / SAMPSON analysis of Phebus FPT 1 test. Taking 0 mm at the bottom end of fissile region, the test section is divided into 14 cells as shown in Fig.2 . The cell height is 100 mm except for bottom and top cells as recommended by the coordinator of ISP-46, Institut de Radioprotection de Sûreté Nucléaire (IRSN). In Fig.3 , the radial boundary of analysis region is the outer surface of the Inconel pressure tube whose temperature is given by the boundary conditions, kept to be constant at 438 K during a whole test. The ThO 2 and ZrO 2 insulation sleeves are modeled as heat interactive annuli in the MCRA module. The two gaps between ThO 2 and ZrO 2 , and between ZrO 2 and Inconel were modeled in the present analysis by only the 1MM 1E/1MM latter gap. Fuel rods and coolant flow area in the ThO 2 sleeve were divided radially into three meshes. Zones 1, 2, and 3 delimited by those meshes include, respectively, inner eight irradiated rods with a central C/R guide tube, outer ten irradiated rods, and two fresh fuel rods as well as two corner thermometers. Radial mesh division of UO 2 pellet is three and Zircaloy cladding is one as shown in Fig.3 . In the case of C/R, four meshes correspond to an absorber, a gap, cladding, and guide tube, respectively.
Initial and boundary conditions of ISP-46 analysis for the Bundle phase are as follows, nuclear power history power distribution (axial, radial) inlet steam flow history and pressure fission product inventory, and thermal boundary conditions at the outer radial surface of the Inconel pressure tube.
Histories of nuclear power and inlet steam flow are given in Fig.4 and the temperature of inlet steam was kept constant to be 438K.
IV. Results of Analysis and Discussions 1. Thermal Hydraulics
Figures 5 -10 compare the temperature changes in the test train between test results and analysis ones by the IMPACT / SAMPSON code. Temperatures of fuel rod and cladding were only measured for the fresh fuels at periphery that corresponded to the fuel rods in zone 3 of the analysis. The analysis result for a centerline temperature of fuel rod shown in Fig.5 traces very well except for a peak at about 11,200 s due to Zr / water reaction. The peak temperature in the test reached a eutectic point of C/R / Zircaloy / UO 2 at 2473 K and the first fuel relocation was observed, whereas the analysis resulted in lower temperature and fuel relocation was delayed until about 15,700 s.
Cladding temperature changes at outer surface in Fig.6 (A) , (B) also show good agreement between the test and the analysis until about 12,000 s. Figure 7 compares temperatures of the Ag-In-Cd absorber rod. The thermocouple failed just when the analysis result reached to a eutectic point of guide tube (Zircaloy) and cladding (SUS) at about 10,200 s. Figures 8 and 9 show the shroud temperature changes. Disagreements after about 10,000 s are caused by the gap closure due to different thermal expansions of shroud materials in the test that is not considered in the analysis. Final comparison of temperature changes is made for the exit steam as shown in Fig.10 . The analysis result after start of temperature rise at peak shows higher temperature than the test. As shown by the next figure, Enhanced heat transfer due to generated hydrogen may be over-predicted in the analysis. In the MCRA, the heat transfer coefficient of mixed gases, for instance, steam and hydrogen, is calculated by its molar averaged material properties and correlation determined by flow conditions, such as Dittus-Boelter for single-phase flow. In summary, temperature changes of fuel, cladding, and C/R were well predicted until about 12,000 s when almost all thermocouples measuring them failed. The temperature changes of shroud may be ameliorated, modeling its gap closure.
Hydrogen generation due to Zr / water reaction is given in Fig.11 . The analysis leads the test but the test peak value exceeds all other values. In the analysis, the second peak appears immediately after the first and subsequent generation is far lower than the test. In the present analysis, parabolic rate constants for Zr / water reaction adopted those given by Cathcart-Pawell and Urbanic-Heidrick with a transition temperature of 1853 K. The parabolic rate constants above the transition temperature are about 4 times larger than those below it. The first time when the cladding temperature exceeds the threshold is at node 8 at 500mm and it is delayed along its axial position up or down. The first peak temperature of node 8 took place at 11,200 s when the cladding there was completely oxidized. About 400 s later, the temperature of node 12 at 1,000 mm showed a peak. The maximum Zr / water reactions were observed over about 400 s from node 8 to 12 that split the single peak of the test into the two in the analysis. A final peak after 16,000 s in the test was reported to be due to downward movement of molten pool where un-oxidized zirconium remained. As discussed in the next section, this downward movement was not obtained in the analysis but its effect is small. Hence, the amount of accumulated hydrogen differs only about 3% as shown in Fig.11. Figure 12 illustrates a fuel relocation process obtained by the analysis. Intact UO 2 mass distributions of the three zones at 15,500 s are given in Fig.12 (a) . Zones 1, 2, and 3 include 8, 10, and 2 fuel rods, respectively. In the analysis, the temperature of cladding in zone 1 at node 8 (height 500 mm) arrived at the eutectic point of C/R / Zr / UO 2 at 15,728 s and Fig.12 (b) shows a state of initial relocation at 16,000 s. Discharged debris were spread around downwards and Test Analysis solidified at lower spacer node. Initiation of molten pool formation appeared in Fig.12 (c) at 16,500 s. Solid debris in zones 1 and 2 on the lower spacer node started to re-melt and the molten pool grew at 17,000 s as shown in Fig.12 (d). Figure 12 (e) gives final state at 18,660 s where relocated cladding and C/R masses are also added. The fuel rods at nodes from 6 to 9 in zone 1 were completely degraded and moved downwards. The final result is given in Fig.13 for relocated axial mass distributions. Post-test analyses of the Phebus test gave the results of X-ray tomography (X tomogram) using a linear electron accelerator of maximum energy of 5.5 MeV with 1024 photodiodes. Horizontal tomograms with 3 mm pitch over the whole test section were also utilized to reconstruct 3D image. An axial mass distribution was obtained from these data. As shown in Fig.13 , overall, good agreement was obtained by the present analysis and an accumulation of debris just below original spacer position was well predicted. Differences appeared at node 6 above the original spacer position and node 4 below it. The final report of FPT1 indicated that downward movement of molten pool was observed at about 16,000 s. This downward movement was not realized in the analysis and yielded the differences above.
Relocation
Finally, the difference in node 3 was due to C/R materials in the analysis as shown in Fig.12 (e) . Those in the test flowed downwards below 0 m whereas those in the analysis did not due to adoption of an inappropriate friction factor at 0 m. 
FP Release Analysis
The results of FP release analysis are given in Figs. 14-16. The release rate of FPs in the Phebus FPT1 test was evaluated using on-line gamma-spectrometry data by standard Ge detectors that monitored the hot leg pipe. The results of analysis are compared for Xe in Fig.14. Cs, I , and Te showed almost the same discharge behavior as that of Xe. The error bar in the test, ±20 %, is estimated approximately as a minimum error from 10 to 20 % uncertainties of the initial inventory in the bundle and from 5 to 10 % uncertainties in measured amount at hot leg that are given in the Final report 3) . For rare gases and highly volatile FPs, an intrinsic diffusion coefficient, D(T) (m 2 /s) and an enhanced one due to UO 2 oxidation, D(x,T) (m 2 /s) where x is in UO 2+x are given by 15) Figure 15 shows Mo and Sb release behaviors and that of Tc is omitted since its order and behavior are similar to Sb and overlaps in the figure. Detrimental factors of diffusion coefficients for each species optimized in the analysis using (S/V) Geometry × 0.05 are given in Table 4 . 
V. Conclusion
The Phebus FPT1 test was analyzed by the IMPACT / SAMPSON code as the international standard problem No.46 and the results of its Bundle phase were reported in this paper. Based on the results of the present study, the following conclusions were reached:
(1) Temperature changes of fuel, cladding, and control rod were well predicted until about 12,000 s when almost all thermocouples there failed.
(2) The temperature changes of shroud were higher than the test after 10,000 s, but it may be ameliorated by modeling the gap closure. 
